The extent of transneuronal retrograde degeneration of ganglion cells in the primate retina depends on the age at which striate cortex was damaged, the survival time, the species, and retinal eccentricity. We here report on the effect of lesion size beyond striate cortex, which we assessed along with retinal ganglion cell degeneration in three groups of macaque monkeys who, in each group, had undergone striate cortical ablation at similar ages and survived for similar periods, which ranged from 302 days to 8 years. Where possible, the number of surviving projection neurones in the degenerated dLGN and its volume were also estimated. Results confirm that both geniculate and retinal degeneration correlate significantly with survival time but that the differences within a group can exceed differences between groups and are best accounted for by the extent of the damage to extra-striate visual cortex and underlying white matter.
Introduction
Transneuronal retrograde degeneration (TRD) is the death of neurones whose target cells have degenerated following damage to the target cells' axons or terminals. TRD occurs in the motor cortex following limb amputation, in the inferior olive following damage to cerebellar Purkinje cells, and in the retinal ganglion cell layer following damage to the striate cortex (Van Buren, 1963a; Weller & Kaas, 1984;  for review see Cowan, 1970) . TRD, known for over a century in cats and dogs (Monakow, 1889) , in monkeys selectively affects the Pb (primate beta) ganglion cells (Cowey, Stoerig & Perry, 1989; Weller, Kaas & Wetzel, 1979) . In old world monkeys up to about 80% of the ganglion cells in the central retina are Pb cells and up to 90% of them can eventually degenerate . If TRD also occurs in the human eye such depletion ought to be detectable histologically in post mortem tissue, ophthalmoscopically in fibre degeneration and pallor of the optic disc, and electrophysiologically in the components of the Pattern-Elecroretinogram (P-ERG) that reflect ganglion cell function (Baker, Hess, Olsen & Zrenner, 1988) .
In the human eye, only histology has provided convergent results. The first report showed TRD in the sectioned retinae of three patients (Van Buren, 1963b) . Although the interpretation of the results is complicated by accompanying metastatic cancer of the occipital lobes, which could have led to direct rather than transneuronal retinal degeneration, the data reported by Beatty, Sadun, Smith, Vonsattel and Richardson (1982) , corroborate the earlier evidence by providing histological evidence of fibre degeneration in a patient who underwent unilateral removal of striate cortex 40 years previously. In contrast to histology, fundoscopic signs of TRD are contradictory. Signs of TRD in two patients were reported by Hoyt and Kommerell (1973) and in three patients by Niessl von Mayendorf (1934) , but the similarly positive evidence from three patients reported by Kupersmith, Vargas, Hoyt and Berenstein (1994) was attributed by them, as a result of neuroimaging, to abnormal venous drainage in the vicinity of the optic tract and not to the post geniculate arteriovenous malformations. Miller and Newman (1981) found no fundoscopic signs of TRD in an 86 year old patient who had been hemianopic since her vascular incident at the age of 29. Lastly, P-ERG recordings in patients with field defects caused by verified post-geniculate damage produced no evidence for functional alterations in one study (Skrandies & Leipert, 1988) but did so in another (Stoerig & Zrenner, 1993) .
A possible explanation for these contradictory findings is the differential sensitivity of the methods, with only neurohistology providing incontrovertible evidence. This hypothesis is supported by the unequivocal evidence of TRD in the retinae of monkeys with postgeniculate damage (Van Buren, 1963a; Cowey, 1974; Weller et al., 1979; Weller & Kaas, 1989 ). An alternative or additional explanation is that the various factors known to influence the extent of TRD in monkeys have not been sufficiently taken into account in human studies, with the result that methods less sensitive than histology may fail to reveal TRD in cases where it is less pronounced.
Factors known to affect the extent of TRD in monkeys are: the age at which the cortical lesion occurred; the survival time following it (Dineen and Hendrickson, 1981; Weller & Kaas, 1989) ; the species, i.e. whether old-world or new-world monkeys are studied (Weller & Kaas 1989) ; the retinal eccentricity (Cowey, 1974; . To see whether all unilaterally or bilaterally destriate monkeys are subject to TRD and whether the known factors account for the observable variations, we examined retinae collected over a period of 20 years from several groups of macaques. Within each group, age at operation and post-operative survival time were closely similar. In all animals the ganglion cell density was determined by sampling a region along the nasal and temporal horizontal retinal meridian within 2 mm of each side of the fovea, where normal density is highest, differences between normal animals is smallest, retrograde degeneration is greatest, and any changes can be most reliably assessed.
Materials and methods

Animals and surgery
We examined the retinae, lateral geniculate bodies and occipital lobes of 20 macaque monkeys (19 M. mulatta, 1 M. fascicularis) . In 17 monkeys the left or right striate cortex had been removed for reasons unconnected with the present investigation. All operations were made using the same method, 17 of them by the same surgeon (AC). Details of surgical methods and reconstructions of lesions can be found in Jason, Cowey and Weiskrantz (1984) , and Kisvarday, Cowey, Stoerig and Somogyi (1991) for unilateral lesions and in Weiskrantz, Cowey and Passingham (1977) , for bilateral lesions. All surgery was performed aseptically and using a binocular operating microscope. In brief, the skin and fascia were cut over one occipital lobe, the bone over the lateral surface of the striate cortex was removed, and the dura was opened to expose the cortex caudal to the lunate sulcus. A brain spatula was used to sever and remove the occipital lobe approximately 4 mm behind the lunate sulcus. All remaining striate cortex on the lateral surface caudal to the lunate sulcus, and within the anterior calcarine sulcus, was then removed by sub-pial aspiration. Dorsally the lesion inevitably included parts of visual area 2 in the annectant gyrus beneath the occipital operculum; ventrally it also involved parts of areas V2 and V3 as can be seen in Fig. 1 . In three monkeys the striate cortex was removed bilaterally.
In the monkeys with unilateral removal of striate cortex the ipsilateral eye was labelled with horseradish Fig. 1 . Outline of the lateral (left) and medial (right) view of the left hemisphere of a macaque monkey showing the plane of the occipital lobectomy and its position with respect to the striate cortex (stippled). The remaining striate cortex on the lateral surface and within the rostral calcarine sulcus (shown, centre, in the plane of the lobectomy) was then removed by sub-pial aspiration. cs, calcarine sulcus; ios, inferior occipital sulcus; ls, lunate sulcus. In the four monkeys shown separately at the bottom, the cortical lesion was bilateral in the first three and both nasal and temporal hemiretinae were degenerated. The last monkey was unoperated and the retina was processed in identical fashion. The higher absolute numbers in these four monkeys reflects the fact that more sections were analysed (see text).
b The two monkeys in which the retina was initially prepared as a flat mount and subsequently sectioned. c The four monkeys in which the dLGN was used for immunocytochemistry and could therefore not be used for cell-counts.
peroxidase from the optic nerve and was unsuitable for measuring ganglion cell density. The latter was therefore assessed only in the contralateral eye, in which the retrograde transneuronal degeneration affected the nasal hemiretina. In the animals with bilateral lesions one eye was injected with tritiated amino acid for autoradiographic study of its remaining targets in the brain and the other eye was used to assess ganglion cell degeneration in both nasal and temporal retina.
Histology
As the retinae were obtained over a period of many years the perfusion and fixation procedures varied slightly but were, with minor exceptions, as follows. At the end of behavioural testing and, in five monkeys, single-cell electrophysiological recordings from the thalamus under general anaesthesia, the animal was deeply anaesthetised with sodium pentobarbitone i.v. and perfused transcardially with about 1.0 l of heparinized 0.9% saline. After removing the ipsilateral eye for HRP histochemistry in some animals, the perfusion was continued with 1-2 l of formal saline (10% formalin, 0.9% saline) in 0.1 M phosphate buffer (pH 7.2), except in four of the 17 unilaterally operated monkeys where a solution of 1.25% paraformaldehyde and 2.5% glutaraldehyde was used in order that HRP and GABAimmunocytochemistry could be carried out on brain tissue. The remaining eye was removed into chilled fixative and the cornea and lens removed several days later. The eye-cup was embedded in paraffin wax and sectioned at 6 mm (occasionally 10 mm) parallel to the horizontal meridian. Serial sections through the fovea and optic disc were mounted on slides, dewaxed, and alternate slides stained with cresyl violet for Nissl substance or by Cason's Mallory Heidenhain trichrome method, dehydrated, cleared in xylene and coverslipped with DPX. The retinae from three of the unilateral monkeys were removed after fixation and prepared as Nissl stained flat-mounts using the procedure of to assess the ganglion cell density in peripheral retina. Subsequently, a strip about 10 mm long by 4 mm high and centred on the fovea was removed and sectioned horizontally, at 10 mm, as in all the other eyes. The counts for the macular region were made from these sections. Details of age at operation, survival time, and histological variations are given in Table 1 .
Frozen sections of the brain were cut in the coronal plane at 50 mm (occasionally 25 mm) from the occipital pole to the optic chiasm. A one-in-ten series caudal to the dLGN was stained with cresyl fast violet for Nissl substance and a similar series was stained in many animals by Weil's method for myelin. Through the dLGN a one-in-five series was stained for Nissl substance, sometimes as a counterstain for a horse-radishperoxidase reaction. In certain monkeys the dLGN was removed as a block for GABA immunocytochemistry and subsequent electron microscopy of selected sections.
Ganglion cell counts
Although there can be significant individual variations in the total number of ganglion cells in the eyes of different rhesus macaques (Perry & Cowey, 1985) , the differences within 2 mm of the fovea along the horizontal meridian are small (Perry, Oehler & Cowey, 1984) . Nevertheless, we avoided comparisons of absolute numbers between monkeys by measuring the ratio of retinal ganglion cells in the transneuronally degenerated nasal macular hemiretina and the immediately adjacent undegenerated temporal macular hemiretina of the same eye. This has the additional advantage of avoiding variations in absolute numbers that can arise from variations in plane and thickness of sections. At a magnification of × 1250, using oil immersion and an eye-piece graticule, we counted all ganglion cells in 100 mm strips from the centre of the fovea over the first 2 mm of the nasal and the temporal hemiretina along the horizontal meridian, i.e. roughly 9.5°in each direction. For the unilaterally operated monkeys three consecutive or closely adjacent sections were counted in each of the sectioned eyes. Ganglion cells were distinguished from glial cells and from displaced amacrine cells by their size, amount of cytoplasm and Nissl substance, palenesss of the nucleus and visibility of a nucleolus (Perry & Cowey, 1985) . The distinction between ganglion and amacrine cells is most difficult close to the fovea, where the cells are small and several layers deep, but as the proportion of displaced amacrine cells is less than 10% here (Perry et al., 1984, shown by the observation that more than 90% of neurones in the ganglion cell layer within 2 mm of the fovea die after optic nerve section) any error caused by confusing them with ganglion cells should be small, as well as being similar in all animals. Its effect would be an underestimation of the extent of degeneration because counts would be more accurate on the degenerated side, where the ganglion cells are less densely packed, and too low on the normal side. Aware of this, we were careful to systematically focus up and down in every 10 mm step along the 100 mm graticule and to check that the counts made by different observers were similar. No correction was necessary for linear shrinkage, usually about 25% in wax-embedded sectioned retinae, as shrinkage will affect both the nasal and temporal sides of the fovea. It is for this additional reason that all naso-temporal comparisons are given as ratios of the actual cell counts, and not after attempting to correct for both overall shrinkage and thickness of section in order to assess density per mm 2 . In the three monkeys with bilateral ablations, both nasal and temporal hemiretinae were counted, as above, but many more sections were examined (12 in Daniel and Ester and 20 in Toby). In these animals TRD could only by assessed by comparing counts with those made in 12 sections prepared in identical fashion from the eye of a normal monkey and with the counts in normal rhesus monkeys, which we have reported earlier in flat-mounted (Perry & Cowey, 1985) or sectioned macaque retinae (Rolls & Cowey, 1970; Cowey, 1974) .
Degeneration in dLGN
All brains were sectioned in the frontal plane on a freezing microtome at 50 or 25 mm and a one-in-five or one-in-ten series was saved through the thalamus and stained with cresyl violet. After excluding monkeys with bilateral lesions, where it was not possible to compare normal and degenerated sides, and four monkeys in which the degenerated dLGN had been removed as a block for resin embedding and EM, it was possible to estimate the total volume of the normal and degenerated dLGN and the number of scattered surviving projection neurones in the degenerated dLGN. First, the outlines and laminae (where still faintly visible) of the dGN were drawn using a drawing tube attached to the microscope. The area of each drawing was then measured, using a digitising tablet interfaced with a computer. The volume of each dLGN was calculated from the cross sectional areas using Simpson's rule (Aherne & Dunnill, 1982) . The scattered surviving projection neurones were estimated by systematically scanning each section through the dLGN at a magnification of × 625, with the microscope stage interfaced with the computer to provide an outline of the dLGN and the precise position of each cell. It was straightforward to distinguish these scattered projection neurones from both glial cells and interneurones, on the basis of size, Nissl substance, and density of staining of the nucleus (Fig. 2) .
Assessment of the occipital lesion
The extent of the extrastriate damage inflicted by the surgery was qualitatively assessed from photographs taken of the brain from several viewpoints. In addition, the coronal sections were evaluated for the extent of subcortical damage, as indicated by ventricular enlargement, the rostral limit of the lesion, the thinning of white matter beneath otherwise undamaged cortex, and gliosis and thinning of neurones in the ventral thalamus. In six pairs of monkeys, selected because they provided the most extreme differences in retinal degeneration at comparable survival times, the extent of the missing ventral cortex, as seen on the photograph, was assessed by reflecting the outline of the lesion on to the intact hemisphere alongside it, making an appropriate adjustment for the fact that the damaged hemisphere moves caudally with respect to the normal hemisphere; this dislocation was assessed by realigning the visible sulci on the two sides rostral to the lobectomy. In addition the extent of sub-cortical damage was qualitatively assessed by measuring its most anterior limits and estimating its cross-sectional extent and, finally, by comparing the extent of the thalamic retrograde degeneration, particular in the inferior pulvinar in the vicinity of the caudal dLGN. For each matched pair the extent of the cortical and white matter lesion and thalamic degeneration was ranked as larger/smaller, without attempting to quantify the difference, which would be difficult.
Results
The ganglion cell counts were analysed with respect to NT ratio, survival time, age at operation, total number of surviving scattered dLGN projection neurones, the ratio of the estimated volume of the degenerated and the normal dLGN (D/N) and the extent of the cortical lesion. Linear regression analysis was performed together with Pearson correlation analysis. The data for survival time and naso-temporal ratios are given in Table 1. Table 2 gives data for estimates of geniculate degeneration, excluding the four monkeys in which the dLGN was not available or was unsuitable for analysis.
Retinal degeneration and sur6i6al time
Three main groups of monkeys were compared (Table 1) . Survival time in group 1 (six animals) ranged from 302 to 471 days, in group 2 (seven animals) from Table 2 For the 13 monkeys whose dLGN could be used for analysis, the presence of any sparing in the rostral dLGN is indicated, and the number of surviving projection neurones in the dLGN but outside of the spared region is given (Aherne & Dunnill, 1982) from the areal extent of the available sections, and its ratio in the two hemispheres are also shown.
889 to 993 days, and in group 3 (two animals) it was 2940 and 2968 days. We also had material from one animal who survived for 1491 days.
Fig . 3A shows the nasotemporal ratio for 17 operated monkeys as a function of survival time. The point for zero survival time is the mean NT ratio from nine normal retinae, all M. mulatta and taken from the data of Perry and Cowey (1985) and Perry et al. (1984) who used flat-mounts, and from Rolls and Cowey (1970) who used sections. The normal NT ratio for this part of the retina is about 1.15, ranging from 1.06 to 1.23. Three analyses of NT ratio and survival time are shown. In the simple linear regression (a), incorporating all data points, there is a significant relationship (F = 4.67; df 1, 16; P = 0.046, two-tailed), but the fit is poor and most of the variance cannot be accounted for by survival time alone (R 2 =0.226). In the curvilinear plot (b), which is the best fitting curve providing the least residual variance [y=a + be( −x/c), where a =0.28, b=0.93, c =407] the relationship is highly significant (F =14.6; df 2, 15; PB 0.0003). As the curve indicates that degeneration may be complete after 4 -5 years, we repeated the linear regression, omitting the two monkeys who survived for 8 years. The result (c) is much more significant than the linear regression for all animals (F= 21.8, df 1, 14; R 2 =061; P B 0.001, twotailed).
One interpretation of the results is that TRD is complete after about 4 years and that up to this time there is a simple effect of survival time, as others have shown. However, there remains a substantial variation within each group: In group 1 the ratio ranged from 0.24 to 0.98; in group 2 from 0.27 to 0.51, and in group 3 from 0.31 to 0.44. Monkey Gand, who survived for nearly 5 years, had a ratio of 0.11, far smaller than that of the two monkeys who survived for 8 years. Fig. 3B shows the NT ratio plotted against the age at operation. With the exception of Boo and Peek, whose exact birth dates were known, age was estimated on the basis of body weight, dentition, physique and-most important because it is correct to the nearest monthsupplier's records when the monkeys arrived in the colony as infants. The error in assessing their age on arrival could not be more than 9 15% but would be a much smaller percentage with respect to age at operation, which varied from 15 months to over 6 years. Despite this range the age-dependent effect established by Dineen and Hendrickson (1981) and Weller and Kaas (1989) is absent (F= 0.135; df 1, 15 R 2 = 0.009; P= 0.72), presumably because all the present monkeys were older than 17 months at operation.
Retinal degeneration and age at operation
Relationship between retinal and geniculate degeneration
There was no sparing of the caudal dLGN, corresponding to the foveal representation, in any monkey. But in some there was slight sparing of striate cortex in the most rostral calcarine cortex, leading to a corresponding discrete region of sparing in the rostral lateroventral or medioventral edge of dLGN and corresponding to the far peripheral retina dorsally or ventrally respectively. The greatest dLGN sparing is illustrated in Fig. 2 . To see whether rostral geniculate sparing reduces retinal degeneration (for example by providing axons deprived of their usual target the op-portunity to invade spared regions within the same nucleus) we divided the animals into two groups (sparing and non-sparing) and ranked all animals with respect to the NT ratio. There was no significant difference between the two groups (U= 21, N1 = 6, N2 =7, P = 0.53, one-tailed).
The estimated number of surviving projection neurones scattered throughout the degenerated dLGN (excluding any discrete patches of sparing) and/or its volume compared with that of the normal dLGN on the other side of the brain might correlate with the nasotemporal ratio and provide clues to its variability. Accordingly, the NT ratios shown in the last column of Table 1 were compared with the total number of scattered surviving projection neurones in the degenerated dLGN and with the ratio of the volume of degenerated and normal dLGN in the 13 monkeys for which sections were available. Although the data (Fig. 3C) show considerable scatter there was a statistically significant trend (F= 9.41; df 1, 11; R 2 = 0.462; P= 0.011, twotailed) towards larger numbers of surviving scattered projection neurones in animals with a greater nasotemporal ratio. This might seem surprising, given that the degeneration of projection neurones in the dLGN was reported to be almost complete after 12 weeks (Mihailovic, Dragoslava & Dekleva, 1971) . However, the small population of dLGN projection neurones is presumably preserved by virtue of projecting directly to extrastriate cortical areas (Yukie & Iwai, 1981; , which incur variable damage as described below. Fig. 3D shows that transneuronal degeneration, as measured by the NT ratio, is also related to the volume of the degenerated dLGN (F= 13.25; df 1, 11; R 2 = 0.546; P5 0.004). Each circle represents one monkey, apart from the point at 0 days, which was calculated from nine normal eyes and shows the customary but slight nasal superiority at small eccentricities. The curves show: (a) a linear regression for all monkeys; (b) the best curvilinear plot; and (c) the linear regression after omitting results for monkeys surviving longer than 5 years. (B) The nasotemporal ratio of ganglion cells as a function of age at operation for the 17 unilaterally destriated monkeys. (C) When the nasotemporal ratio for each monkey is plotted against the number of scattered surviving projection neurones in the degenerated dLGN, a highly significant correlation emerges, suggesting either that survival of projection neurones in this nucleus is a determining factor in ganglion cell degeneration or that degeneration in both structures is governed by similar processes. (D) Nasotemporal ratio as a function of the ratio of the volume of the degenerated and normal dLGN in each monkey. Fig. 4 . The extent of retinal degeneration in three bilaterally destriated monkeys. One eye was analysed and compared to that of monkey Turvy who was an unoperated control. The numbers on the Y-axis refer to the mean (N =20 in Toby, and N =12 in the other monkeys) counts of ganglion cells in consecutive 100 mm strips from the fovea among the horizontal retinal meridian nasally and temporally. Note the different extent of retinal degeneration in Daniel, Ester and Toby, whose striate cortex was removed at the same age and who survived for the same period of time. Comparison of counts from temporal ( Fig. 4B ) and nasal hemiretinae (Fig. 4A) shows that the normal consistent imbalance in favour of a slightly higher density in the nasal retina (Turvy) may persist (Daniel), be reduced (Esther) or even reverse (Toby) as a consequence of transneuronal retrograde degeneration. Fig. 4 shows the number of ganglion cells within 2 mm of the centre of the fovea in the nasal and in the temporal retina of the three monkeys with bilateral removal of striate cortex. As both sides of the retina were degenerated in these animals a nasotemporal ratio cannot reveal the extent of the degeneration, which is shown in Fig. 4 by contrast with the number of ganglion cells in the eye of a normal rhesus macaque. In the three destriate monkeys, operated on at the same age and surviving for the same time, the number of remaining ganglion cells varied considerably, but was lower in all three than in the control monkey, whose results closely resembled those published previously (Rolls & Cowey, 1970; Cowey, 1974) . The NT ratio of 1.19 was in the normal range in one animal (Daniel), unusually low in Ester (0.86) and unusually high in Toby (1.86), demonstrating that both hemiretinae can be differentially affected in the same animal and suggesting that differences in the lesion in the two hemispheres are responsible.
Bilateral lesions
Effect of extent of cortical and sub-cortical damage
In assessing the correlation between the NT ratio and the extent of occipital damage it was clear that the lesion on the lateral surface of the occipital lobe and the dorso-medial surface was almost identical in all monkeys. On the lateral surface the lesion ended at the lunate sulcus, which marks the boundary between areas V1 and V2. Parts of dorsal V2 in the annectant gyri, where V2 lies beneath the occipital operculum, were inevitably involved in the lesion in all monkeys. Similarly, those parts of V2 and V3 corresponding to the central 5 or so degrees of the lower retina in the inferior occipital sulcus behind the lateroventral tip of the lunate sulcus were removed in the lobectomy in all monkeys. It was the ventromedial extent of the cortical lesion, rostral to the line of the lunate sulcus, that varied, both on the surface as seen on the photographs of the brain and even more extensively within, as revealed by the coronal sections through the caudal half of the brain. There were also conspicuous differences in the extent of the subsequent damage to white matter, for example as shown in Fig. 5 . Table 3 shows that for each matched-pair, the monkey with the greater retinal degeneration also had the greater cortical and/or sub-cortical damage (Wilcoxon matched-pairs test; N= 6, T= 0, P = 0.05, two-tailed). This difference was particularly conspicuous, in monkeys Daniel and Toby (see Weiskrantz, Cowey & Passingham, 1977 for histological illustrations).
The influence of the extent of the lesion is also demonstrated in monkey Gand, whose TRD exceeded that of both monkeys with even longer survival times. Fig. 5 shows that his lesion was much larger than theirs . Despite slight variations in the plane of section between animals, they show that damage to ventral cortex is less in Tich than in Blake and, additionally, has led to much greater involvement of white matter in Gand. The extent of the latter is illustrated by the myelin staining in (G), which is an adjacent section to (F). The grossly enlarged ventricle and thinning of white matter are also shown in (H) and (J) at the level of the optic tract (arrowed), anterior to the dLGN. cs, calcarine sulcus; ot, optic tract; ots, occipito-temoral sulcus. and, indirectly, led to enlargement of the lateral ventricle and thinning of white matter as far forward as the optic tract and as far dorsally as the cortex in the fundus of the superior temporal sulcus, almost certainly involving the motion area V5 (MT). Likewise, the similar depletion of ganglion cells projecting to left and right hemispheres in Daniel echoed the symmetry of his cortical damage just as the much greater degeneration in the temporal hemifovea in Toby reflected the fact that his lesion was grossly larger in the hemisphere ipsilateral to that eye (see Weiskrantz et al., 1977) .
Discussion
Our results demonstrated TRD in every retina from 20 monkeys with either unilateral or bilateral removal of all or most of the striate cortex. They also show that TRD depends on survival time after operation, as reported before by Weller and Kaas (1989) and suggest additionally that it is complete, or nearly so, after 4-5 years. However, its extent varied substantially between individual monkeys in a manner not satisfactorily explained by differences in survival time or age at opera- tion, although previous investigators have shown these to be important in younger animals and with shorter survival times (Dineen & Hendrickson 1981; Weller & Kaas 1984 . Instead, our results suggest that the size of the lesion also influences TRD. Its effects could be 'trivial' if a larger lesion impinges on the blood supply in the vicinity of the caudal half of the dLGN and the optic tract that encapsulates it, damaging the axons in the tract directly. In such instances, the TRD would be exacerbated by an additional non-transneuronal degeneration. This is essentially the hypothesis proposed by Kupersmith et al., (1994) to explain their ophthalmoscopic evidence for retinal degeneration in patients with postgeniculate arteriovenous malformations, and is likely to have played a role in two of our monkeys, Gand and Toby. Unfortunately, the retinae of these monkeys, who had the most extensive retinal degeneration and the largest brain lesions, were not labelled by retrograde tracers which could have shown whether the ganglion cell loss involved cell types other than the Pb ganglion cells specifically targeted in TRD Weller et al., 1979) .
In part, the effect of a larger lesion aimed at removing all of striate cortex could also be transneuronal. The dLGN has a sparse projection to extrastriate cortical areas, especially those in the ventral occipito-temporal regions (for reviews see Stoerig & Cowey, 1997 ) which were variably involved in different animals. However, as lesion size correlated poorly with the amount of degeneration in the dLGN (see Tables 2 and 3 ) degeneration via alternative extrageniculate nuclei could be involved (Cowey, Stoerig & Bannister, 1994) . If additional degenerating pathways exacerbate TRD, removal of an entire cortical hemisphere should cause even further depletion of ganglion cells. When this was assessed in vervet monkeys 2 -3 years after the operation carried out when they were a few weeks old (Ptito, Herbi, Boire & Ptito, 1996) the ganglion cell loss was 70 -80%, which is about the same as that found 4-8 years after striate cortical removal, as reported here and by . Instead of indicating that the size of the cortical lesion is unimportant, the results of Ptito et al., (1996) could indicate that enlarging the lesion even further than the striate and ventral extrastriate areas produces no discernible effect, or that TRD after hemispherectomy is incomplete after 2-3 years.
Ignoring the possibility of individual differences among monkeys with respect to susceptibility to TRD, which is impossible to determine from the present material and in any case can not explain differences in TRD in the nasal and temporal retina of the same animal following bilateral lesions (see Toby and Ester, Table 1), our results do not explain why some retinal ganglion cells survive. Those projecting to the midbrain and to various accessory optic nuclei presumably remain intact because their projection nuclei do not degenerate after a striate cortical lesion, although shrinkage of the pretectal olivary nucleus was reported by Dineen, Hendrickson and Keating (1982) . But there is no evidence that the Pb cells, which are selectively involved in TRD, project sub-cortically. However, implants of the tracers WGA/HRP and biocytin into the most dorsal part of the optic tract in macaque monkeys yield clear anterograde labelling of the pregeniculate nucleus together with retrograde labelling of almost exclusively Pb cells in the central retina (Stoerig & Cowey, 1996) . As the pregeniculate nucleus lies along the top of the parvocellular part of the dLGN and is actually embedded in optic tract fibres, it is a prime candidate for receiving the axons of undamaged Pb ganglion cells after striate lesions that produce little damage in the region of the geniculate nucleus, but it is also geographically vulnerable to the effects of larger lesions involving white matter.
It seems likely that lesion size is also a critical variable in human TRD, but the time at which a crucial lesion occurred, and an unambiguous estimate of consequent ganglion cell loss have been difficult to assess in the past. Now, however, high resolution MRI images of cerebral damage, in conjunction with new non-invasive methods for estimating retinal optic fibre loss (Weinreb, Dreher, Coleman, Quigley, Shaw & Reiter, 1990; Morgan, Waldock, Jeffery & Cowey, 1998) promises to clarify the link between a cerebral lesion and cell death in the retina.
